This paper presents a system for the automated tracking of non-rigid anatomic structures in twodimensional image sequences. It is applied to X-ray image sequences of the vocal tract. In this application articulatory organs have t o be measured to investigate the complex dynamic characteristics of human speech production, with particular interest in the robust boundary detection of non-rigid organs such a s the tongue.
INTRODUCTION
The detection of the boundary of an object in an image can be an intractable problem due to such extraneous e ects as noise and the image projection process, so the problem is underconstrained and does not possess a unique solution. In the attempt to solve this problem, computer vision research has propounded many di erent approaches. Methods that are intrinsically able to handle variations in the boundary to be detected are of particular interest. They allow for the tracking of deformable objects in image sequences, as well as for identi cation of several similar specimens of rigid objects.
Medical X-ray sequences in particular are characterised by the presence of transparently superimposing structures and varying textural appearances of organs and noise. To solve the ill-posed detection problem in this domain a two-level system is proposed. At the lower level, edge-, region-, and motionbased image operators are combined to exploit their respective bene ts and concomitantly compensate for their de ciencies. For the sake of precision, the results of these operators are not represented as larger tokens, such as line segments, but remain pixelrelated cues or image evidences. At the higher level, a non-iterative active contour-based component allows for the introduction of geometrical a-priori knowledge about the object to be detected.
FEATURE EXTRACTION
To exploit the bene ts of the many existing image processing operators and at the same time compensate for their individual de ciencies, a structure is introduced that combines several edge-, region-, and motion-based low-level operators in a computationally e cient manner by a normalised weighted sum eq. 1.
e image c = w edge jje edge cjj +w region jje region cjj + w motion jje motion cjj 1
Experiments show that each operator may wrongly lead to low evidence values for contour pixels and or high values for non-contour pixels. The weighted combination of all evidences for a certain pixel compensates for the e ect and leads to an attenuation of evidences of most contour pixels.
The individual evidence functions are very-much application dependent. The following de nitions in equations 2 to 5 have successfully been applied to the application presented in this paper. depends on a priori knowledge.
To exploit information from motion in the image sequence the third evidence value in equation 5 is applied. This moving edge detector which is indicated by the subscript med, gives high evidence values for moving edges by m ultiplying the gradient o f t wo difference images. Table 1 where Sn; m represents the minimal energy level that is possible for the vertices 0; : : : ; n if the nth vertex is the candidate c n;m . Tn; m = k min Tn; m holds the index k k = 0 : : : M , 1 that minimises the expression in line 8 and thus points to the optimal predecessor of the candidate c n;m . After all vertices have been processed, the new boundary is obtained by tracing back the pointers, beginning with the candidate that has a minimal SN , 1; m value. The weighting factors in Table 1 w image , w int and w con control the relative in uences of the energy function's components. In our application the image energy is derived from the image evidences described in the previous section:
The internal energy of the active contour is denoted as Olstad 4 E int = jje jk,mj jj; where E con gives a good assessment is narrower than for higher values of . In theory, the weighting function applied in equation 9 could be replaced by any mathematical distribution which exhibited the appropriate properties. Figure 4 : Results of the proposed system identifying the tongue.
RESULTS
In Fig. 4 every tenth frame of a sequence taken from the human vocal tract is shown top to bottom. The contour as detected by the proposed algorithm was superimposed. The contour is not smoothed and the nodes of the active contour are marked. In this sequence the tongue is partially occluded by teeth, cheek bones and llings. Due to salivation the distribution of the contrast agent which w as applied orally, is not constant. Although these in uences lead to varying features of the boundary, the tongue is detected correctly. E v en when the back tongue touches the velum so there is little distinction to be made between the two articulators, the active contour correctly aligns with the boundary of the tongue.
CONCLUSIONS
An active contour-based system for detection and tracking of the tongue in medical X-ray sequences was presented. The application shows how a successful segmentation of a non-rigid object is possible even under the presence of occlusion and varying textures. One important component of the system is the combination of edge-, region-, and motion-based low-level image processing operators to extract features from the image sequence. The satisfying results presented here, however, could only be obtained using a shape constraint. This component restricts the possible shapes of the active contour beyond a mere demand for smoothness.
